Trypanosoma cruzi, the agent of Chagas' disease, expresses trans-sialidase, a unique enzyme activity that enables the parasite to invade host cells by transferring sialyl residues from host glyconjugates to the parasite's surface acceptor molecules. The enzyme is also shed into the surrounding environment, causing apoptosis in cells from the immune system. During infections, an antibody response against the catalytic region of the trans-sialidase that is coincident with the control of the parasitemia and survival of the host is observed. This low-titer humoral response is characterized by its persistence for many years in benznidazole-treated patients. Here we analyzed the antigenic structure of the molecule by phage-displayed peptide combinatorial libraries and SPOT synthesis. Several epitopes were defined and located on the three-dimensional model of the enzyme. Unexpectedly, cross-reaction was found among several epitopes distributed in different locations displaying nonconsensus sequences. This finding was confirmed by the reactivity of three monoclonal antibodies able to recognize non-sequence-related peptides that together constitute the surface surrounding the catalytic site of the enzyme. The presence of cross-reacting epitopes within a single molecule suggests a mechanism developed to avoid a strong humoral response by displaying an undefined target to the immune system.
Chagas' disease is an endemic parasitosis that affects about 16 million people in the Americas. The causative agent of this disease is the protozoan parasite Trypanosoma cruzi. The parasite has a complex life cycle involving a hematophagous insect vector (kissing bugs) and a mammalian host. Metacyclic trypomastigote forms present in the feces of the insect invade the mammalian host through mucosae or microlesions in the skin. Metacyclic forms are unable to duplicate, but they invade host cells, where they transform into the amastigote replicative form. After several cycles of duplication they transform into the nonreplicative bloodstream trypomastigote stage, which disseminates the infection by invading other cells.
The adhesion and invasion of the host cell is a crucial step of the parasite life cycle. To interact with the mammalian host cell, the parasite requires sialylated glycoconjugates (14, 41, 51) . However, T. cruzi is unable to synthesize sialic acids de novo (47) . To obtain the sugar, the parasite expresses transsialidase (TcTS), an enzyme not present in mammals that is able to direct transfer of sialyl residues among macromolecules (24, 25, 52) . Sialic acids are correlated not only with host cell interaction but also with protection against lysis mediated by either complement (55) or antibodies against alpha-galactosyl epitopes (42) . TcTS is anchored to the membrane by glycosylphosphatidylinositol (2, 3) and is shed into the surrounding environment, being detected in blood from infected animals and human patients during the acute stage of the infection (17, 34) . Recently, it was found that TcTS induces apoptosis in vivo in components of the immune system (36) . The injection of TcTS is able to increase the virulence of a parasite inoculum (13) and recently it was shown that Leishmania major expressing heterologous TcTS displays increased virulence (12) . Therefore, the molecule constitutes a virulence factor playing key roles in the life cycle of the parasite and in its interplay with the host.
TcTS, as expressed in the invasive trypomastigote stage, has two clearly defined regions: a globular amino terminus of about 640 amino acids containing the catalytic activity and a variable number of a repeated highly antigenic motif of 12 amino acids known as SAPA (24, 25) . SAPA is located at the C terminus and allows the enzyme to remain in blood (6, 7) . Early during the infection, a strong anti-SAPA humoral response is observed (1, 7, 34, 49) . In a later stage, this is followed by the induction of antibodies directed to the catalytic region, some of them with enzyme-inhibitory characteristics (4, 7, 16, 33, 34, 37, 38, 43, 44) . The inhibitory response is elicited only when the enzyme is in its native state, suggesting that discontinuous epitopes are involved (7) . This humoral response seems to be related to survival of infection (16, 22 ) and usually appears simultaneously with control of the parasitemia by the host response (34) . Antibodies directed to the catalytic region are still detected many years after successful benznidazole treatment of chagasic patients that leads to the absence of other T. cruzi-specific antibodies and parasitemia (33, 37) .
An interesting approach to analyzing the antigenic properties of a molecule is provided by the phage-displayed combinatorial libraries technology (18, 21, 53) . The screening of an unbiased large number of different peptides allows the identification of reactive sequences (mimotopes) that mimic either sequential or discontinuous (conformational) epitopes (15, 20, 39) . Another approach successfully employed to identify sequential epitopes is SPOT synthesis technology (23) . This technique is based on the low-cost generation of membrane-displayed peptides suitable for screening with the antibodies of interest.
By employing these techniques, an epitope mapping of the catalytic N-terminal domain of the enzyme was performed. Several B-cell epitopes were identified and characterized, including various cross-reacting epitopes that suggest a T. cruzi mechanism to evade the immune response.
MATERIALS AND METHODS
Peptide combinatorial library screening. Two phage-displayed libraries of combinatorial nonapeptides expressed on the pVIII protein of filamentous phage (18) , one of them flanked by cysteines ("constrained") (39), were kindly provided by F. Felici (Istituto di Ricerche di Biologia Molecolare P. Angeletti, Rome, Italy). A TcTS affinity column was constructed by coupling purified recombinant enzyme without SAPA (8, 11) to N-hydroxysuccinimidyl-activated Sepharose (HiTrap, NHS activated; Amersham-Pharmacia Biotech, Uppsala, Sweden). Sera from T. cruzi (CAI and RA strains)-infected rabbits were taken 3 months after infection. Immunoglobulin G (IgG) obtained by protein A chromatography (Hi-Trap protein A; Amersham-Pharmacia Biotech) was applied to the TcTS affinity column, and after several washings with saline, specific antibodies were acid eluted. Libraries (2.6 ϫ 10 11 PFU) were diluted to 100 l in phosphatebuffered saline (PBS) and preadsorbed for 2 h with protein A-Sepharose 4B (Amersham-Pharmacia Biotech) by adding 50 l of a 50% suspension in PBS. Supernatants from four washings with 100 l of PBS were pooled, and 5 g of purified antibodies was added and allowed to react for 2 h in a final volume of 550 l. A 50% protein A-Sepharose suspension in PBS (100 l) was added and carefully rotated end over end for 2 h at room temperature. After 10 washings with 1 ml of PBS and one more with 0.15 M NaCl, beads were resuspended in 500 l of glycine-HCl (concentration, 1 M; pH 2.5) for 30 min. Tris base (50 l of a 1 M solution) was added, and the suspension was immediately used to infect 1 ml of competent Escherichia coli XL1-Blue cells (Stratagene, La Jolla, Calif.); then the techniques described in detail by Felici et al. (19) were carefully followed in the phage rescue and filter immunoscreening procedures. Filters were screened with TcTS affinity-purified immunoglobulins from T. cruzi-infected rabbits. As a secondary antibody, a horseradish peroxidase (HRP)-labeled goat immunoglobulin against rabbit IgG (Dako Corporation, Carpinteria, Calif.) was employed and revealed by chemiluminescence with SuperSignal (Pierce Chemical Co., Rockford, Ill.).
Immunization procedures. Synthetic peptides were coupled to maleimideactivated keyhole limpet hemocyanin (KLH) and bovine serum albumin (BSA) (both from Pierce). Peptides were dissolved in a small amount of dimethylformamide (when necessary) and then brought to a concentration of 1.3 mg/ml with PBS and coupled with carrier proteins at a molar ratio of 3:1 (peptide/protein). BALB/c mice (90 days old) received 50 g of peptide-KLH emulsified in Freund's complete adjuvant (Sigma Chemical Co., St. Louis, Mo.) intraperitoneally, followed by two doses of 10 g in incomplete Freund's adjuvant (Sigma) at a 20-day interval. Animals were bled 10 days after the last booster. Rabbits were immunized following the same schedule but employing 500 g in the first dose and 100 g for boosters by the subcutaneous route. Reaction of sera against peptides was tested by using peptides coupled to BSA by either enzyme-linked immunosorbent assay (ELISA) or the dot spot technique.
Phages were purified by polyethylene glycol precipitation by following the procedures described in reference 19, and immunization was then performed by employing 10 11 PFU emulsified in Freund's incomplete adjuvant (Sigma) as described in reference 26. Both mice and rabbits were used.
ELISA and dot spot assay. We found that TcTS is inactivated when adsorbed to ELISA plates (Maxisorp; Nunc, Roskilde, Denmark). Purified enzyme was then coupled at 80 ng/well with a monoclonal antibody (MAb) against SAPA (35) when sera from rabbits were assayed or with rabbit IgG against SAPA when sera from mice were assayed. Secondary antibodies coupled to HRP were employed (either from Pierce or Dako). The assay was developed with 2,2Ј-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) and read at 415 nm in a Benchmark microplate reader (Bio-Rad, Hercules, Calif.). Dot spots were performed by spotting 1.3 g of peptides coupled to BSA or 10 10 PFU of purified phages in a 1-l volume onto nitrocellulose membranes (Sartorious, Göttingen, Germany). Membranes were then blocked in 3% BSA in PBS and treated with sera diluted in the same solution for 1 h, and after three washings with PBS, a secondary antibody coupled to HRP (either from Pierce or Dako) was added and revealed by chemiluminescence with SuperSignal (Pierce). Recombinant TcTS purification. Recombinant TcTS was purified from E. coli XL1-Blue (Stratagene) transformed with either pTSHis1 (encoding TcTS without SAPA) (8) or pTS-3R (encoding TcTS with three SAPA repeats) (6), which was employed in ELISA procedures. Cultures were induced with isopropyl-␤-Dthiogalactopyranoside (Sigma) as described previously (6, 8) . Lysates were applied to chelating HiTrap columns (Amersham-Pharmacia Biotech) loaded with Ni 2ϩ and eluted with a gradient of imidazole as described previously (6) . Enzymatically active fractions were pooled, dialyzed against 20 mM Tris-20 mM NaCl (pH 8) and loaded onto a Mono Q column (Amersham-Pharmacia Biotech). Elution was performed with a linear gradient of 20 to 500 mM NaCl in the same buffer. The procedure yielded a single protein band in sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis in both cases.
Enzyme activity evaluation and inhibition assays. TcTS was assayed for its ability to transfer the sialyl residue from alpha-2,3-sialyllactose (Sigma) to [D-glucose-1- 14 C]lactose (Amersham-Pharmacia Biotech) as previously described (33) . TcTS inhibition assay (TIA) was performed by preincubating the enzyme with sera from immunized animals, adding the substrates, and quantifying the remnant enzymatic activity as described previously (33) .
In competition assays, T. cruzi-infected rabbit TcTS-neutralizing sera were diluted 1/50 in PBS (this corresponds to the 1:2 dilution before the neutralizing titer). Then, phages (10 10 PFU) or BSA-coupled peptides (2 g) were added and TIA was performed. For depletion assays, BSA-coupled peptides (1.5 g) or phages (10 10 PFU) were adsorbed on ELISA plates, and then TcTS-neutralizing sera were added. After 1 h, sera were aspirated, loaded onto another antigencoated well, and allowed to react for another hour. After a check to see that no further reaction by ELISA or dot spot was detected, depleted sera were used in the TIA procedure. For substrate competition, ELISA was performed with the TcTS linked with anti-SAPA antibodies as described above. After the test sera had been washed out, substrates were added (either 4-methylumbelliferyl-Nacetylneuraminic acid [0. SPOT synthesis of peptides. The procedures described by Frank and Overwin (23) were carefully followed under the direct supervision of R. Frank and A. Hollnagel in the context of a course held in Argentina. The membranes were blocked with blocking buffer (Genosys Biotechnologies, The Woodlands, Tex.). Then, sera from T. cruzi-infected rabbits or mice or from chronically chagasic patients were employed at a 1/50 dilution. Secondary antibodies coupled to alkaline phosphatase (Dako) were employed at a 1/2,000 dilution, and the reaction was developed with 5-bromo-4-chloro-3-indolylphosphate-3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (BCIP-MTT; both from Sigma) (23) .
MAbs. BALB/c mice were immunized with recombinant TcTS adsorbed onto alumin (7) . Three doses of 20 g were given at 20-day intervals intraperitoneally. The best responders were killed, and splenocytes were obtained. Fusion with SP2/0 cells and other procedures were as described in reference 27.
Screening of TcTS-specific antibody secreting clones was performed by ELISA as described above.
Molecular modeling of TcTS. The three-dimensional (3D) model of the catalytic domain (residues 1 to 640) of the TcTS has been obtained by standard homology modeling techniques using the crystal structure of the sialidase from Trypanosoma rangeli (TrSA; 70% of identical amino acids) determined at a 2.2-Å resolution (9) . There are no insertions or deletions between the two enzyme sequences, except for a single amino acid deletion at position 22 of TrSA, in a solvent-exposed loop. Therefore, modeling of TcTS was carried out by manually introducing the individual amino acid substitutions into the TrSA framework and assuming, for each mutated residue, the most frequent side chain rotamer consistent (as defined by the program O [28] ) with the local stereochemistry. A final energy minimization was carried out with program XPLOR (5) in order to optimize the overall stereochemistry of the model. The deduced TcTS model is validated by the high degree of amino acid identities (70%) between the two enzymes sequences, the absence of insertions or deletions between the two sequences, and the conservative character of all internal and most exposed amino acid substitutions.
RESULTS
Identification of mimotopes by screening of peptide combinatorial libraries. Two phage-displayed peptide combinatorial libraries containing 9-amino-acid-long random peptides were employed (18, 39) . One of these libraries encodes peptides flanked by cysteines, which allows the generation and retention of spatial structures through a disulfide bridge (39) . To identify phage-displayed mimotopes, affinity-purified TcTS-specific antibodies were obtained from T. cruzi-infected rabbits. The screening yielded several phages, and their reactivities with a serum obtained from a T. cruzi-infected rabbit are displayed in Fig. 1 . Sera from 11 rabbits infected with several T. cruzi stocks reacted with the phages bearing mimotopes at various degrees, supporting the idea that the epitopes actually represent the antigenic structure of the enzyme. When sera from eight chagasic patients were tested, six recognized B13, three recognized B25, two recognized B211, two recognized R14, and all recognized R23. Meanwhile, the B26 and R15 epitopes were also recognized by normal human sera. Sera from rabbits and mice immunized with different purified phage preparations were found to be reactive with TcTS by ELISA, lending further support to the hypothesis that the phage-displayed peptides were mimicking epitopes present in the TcTS.
The deduced amino acid sequences of these mimotopes are shown in Fig. 2 , tentatively aligned with sequence segments from TcTS. As expected, matches were partial, as is frequently found with this approach. Sequences showing a similarity of about 30% (paired test) were considered to putatively ascribe them to matched sequences. Under these conditions, various mimotopes could be assigned to more than one putative location (Fig. 2) . Some regions of the protein (in particular, the sequence segments corresponding to amino acid positions 397 to 405 and 523 to 538) seem to be highlighted in connection with the immune system, since more than one mimotope could be assigned to them. The overall assignment of mimotopes to FIG. 1. Reactivity of cloned phages bearing different mimotopes with a serum from a T. cruzi-infected rabbit diluted 1/100. TcTS affinity-purified antibodies were obtained from sera of T. cruzi-infected rabbits and used to screen the combinatorial libraries constructed with (clones named with "R") or without (clones named with "B") cysteine flanking amino acid residues. Reactivity is depicted with plus and minus signs to correspond to the nomenclature in Table 1 
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the TcTS sequence is in agreement with the 3D structure model of the enzyme (Fig. 3a) . For example, the two regions with several peptide matches correspond to highly exposed loops of TcTS which are easily accessible for antibody binding: the loop connecting the two structural domains of the enzyme (segment 397-405) and a highly flexible loop of the lectin-like domain (segment 523-538). Indeed, both loops were only partially visible in the crystal structure of TrSA (9) due to their intrinsic flexibility and their high degree of solvent exposure. Other mimotopes could be assigned to the characteristic Asp boxes of microbial sialidases (50) , which also correspond to solvent-exposed loops on the opposite face of the molecule with respect to the active site (Fig. 3a) . Interestingly, no convincing match could be found in the neighborhood of the active site. Phage R15 might be putatively assigned to a loop segment which is close to the catalytic cleft (positions 305 to 316), but this assignment requires the introduction of an internal gap which is not consistent with the conformation of the corresponding peptide loop in the 3D structure model of TcTS. The assigned putative location of the epitopes was assayed for five phages (B13, B23, B25, R14, and R23). Sera from phage-immunized mice were tested by dot spot assay against synthetic peptides modeled on the TcTS sequence. The positions 69 to 77 (peptide 1439), 397 to 410 (peptide 1443), and 524 to 538 (peptide 1441) were tested. Sera against phages B13, B23, and R14 reacted with peptide 1443, and sera against phages B25 and R23 reacted with peptide 1439 (not shown). These results confirm the previous putative locations of phages. Unexpectedly, all these sera were also reactive with peptide 1441. These results support the possibility that the sequences encoded by the phages were in fact mimicking sequences found in the enzyme and suggest cross-reactivity of the protein epitope associated with peptide 1441 (see below).
Mapping of epitopes in the vicinity of the catalytic site of the TS shows evidence of cross-reactive epitopes inside and around the catalytic site. Although the identified epitopes seem to be distributed through most of the molecular surface of TcTS, no convincing epitope close to the catalytic cleft could be identified. Therefore, we decided to further analyze this region by SPOT synthesis of peptides (23) derived from three solvent-exposed protein loops located near or inside the catalytic site, as deduced from the 3D model of the enzyme. Regions selected correspond to positions 45 to 77, 106 to 131, and 300 to 341 (Fig. 3b) . A membrane containing hexapeptides constructed by moving one position at a time on the sequence of the three selected regions was tested with sera obtained either from experimentally T. cruzi-infected rabbits and mice or from chronically chagasic human patients. As shown in Fig.  4 , sera from the three species reacted with hexapeptides located in similar regions. The reactions of human antibodies were distributed among several hexapeptides, overlapping epitopes detected by mouse and rabbit sera and therefore suggesting that more than a single determinant was included in that region.
For further investigation, four peptides (peptides 1, 3, 4, and 5) were chosen because of their exposure to the solvent and because together they constitute the surface surrounding the catalytic site (Fig. 3b) . The sequences of these peptides are shown in bold in Fig. 4 . Peptides 1 and 4 were previously detected in the SPOT assays. Peptide 2 corresponds to the mimotope expressed by phage R15 that could match a region covered by peptide 1, near the catalytic site. As shown in Table  1 , rabbit sera against peptides 2 to 4 were able to react with nonrelated peptides located in different regions of the enzyme, in particular with peptide 1441.
Mouse sera against synthetic peptides derived from phages B23, B25, and R23 or peptides 1439, 1441, and 1443 were also tested. Table 1 shows that only the antisera against peptide 1439 and the R23-derived peptide 1442 were unable to detect other peptides. All the antipeptide sera were reactive with the TcTS by either ELISA or dot spot assays (data not shown). Taken together, these results strongly suggest that the enzyme bears several cross-reactive epitopes.
MAbs against TcTS provide further evidence of epitope cross-reactivity. MAbs against the enzyme were derived from mice immunized with recombinant TcTS. Three of these MAbs (A4, A5, and B4) recognized peptides 2 to 5 by dot spots (Fig.  5) ; meanwhile, no reaction with any other peptide was found (data not shown). In spite of the cross-reaction observed with sera from rabbits (Table 1) , no cross-reaction among these peptides was observed when sera from mice immunized with peptides 1 to 5 were assayed, excluding trivial explanations for the MAb reactivity, such as peptide contamination (Fig. 5) . These results support the view that TcTS has the antigenic ability to induce cross-reactive antibodies capable of recognizing otherwise apparently unrelated sequences within the molecule.
Sera against the identified epitopes were unable to inhibit the enzyme. In order to investigate whether antibodies against the identified epitopes are able to inhibit enzyme activity, we performed TIAs (34) . Sera were obtained from mice and rabbits immunized either with purified phages bearing the mimotopes, with peptides derived from the enzyme sequence, or with peptides derived from the deduced sequence of phages B23, B25, R15, and R23 (peptides 1445, 1440, 2, and 1442, respectively). When undiluted sera were used, none resulted in more than 40% inhibition, and they were therefore considered nonneutralizing. In another attempt to determine if these epitopes were related to the induction of inhibitory antibodies, peptides and phages were used to deplete sera obtained from T. cruzi-infected rabbits of the specific neutralizing antibodies. Again, no alteration in the neutralizing activity of the infection-derived sera was found. Similar results were obtained when peptides or phages were added to the sera before the TIA. The possibility that soluble substrates were able to displace the antibody from the reaction site was also tested, but they were unable to dissociate the antibody-TcTS complex in ELISA (not shown).
Since antibodies which neutralize the catalytic activity do exist in sera from infected animals and humans (4, 16, 33, 34, 37, 38, 43, 44) , it might be suggested that inhibitory antibodies target different regions in the molecule from the cross-reactive epitopes identified here. Alternatively, two or more epitopes Mouse sera 1439
a Mice and rabbits were immunized with peptides coupled to KLH. Antisera diluted 1/200 were tested by dot spot assay against peptides coupled to BSA. No reaction was found with sera from nonimmunized animals. All antipeptide sera were reactive with the enzyme either in dot spot assays or ELISAs. Peptides were modelled on reactive sequences of the enzyme or on phage-displayed mimotopes (shown in parentheses). For peptide sequences and locations, see the text and 
should be simultaneously recognized to obtain the neutralization effect. Several combinations of antimimotope sera were used to test this alternative, but no enzyme inactivation was found (data not shown).
DISCUSSION
In the infective stage of T. cruzi, two clearly defined regions compose the TcTS, a highly antigenic repetitive C terminus known as SAPA and a globular catalytic N terminus (25) . With either infection or immunization, a weak humoral response against the catalytic region is observed that includes a persistent inhibitory effect on the enzymatic activity that was related to survival of infection (16, 22) . In this study, an analysis of the antigenic structure of the catalytic region of the enzyme was performed. Several epitopes located in different regions were detected close to or inside the catalytic site. The locations identified are exposed on the surface of the enzyme and are therefore easily accessible to the antibodies. In fact, these epitopes were reactive with sera obtained from T. cruzi infections, thus confirming their antigenicity.
The presence of a network of cross-reactive epitopes within the molecule can be envisaged from the findings reported here. In this sense it is worth noting that when mice were immunized with peptides 1 to 5, no cross-reaction among these peptides was observed, but MAbs obtained after TcTS immunization recognized peptides 2 to 5, supporting the idea that the crossreactive antibodies might require the whole TcTS molecule to be induced. An example of cross-reacting antibodies induced against apparently unrelated sequences can be found in the hepatitis C virus protein E2 (48, 54) . Through the combinatorial libraries technique, many examples of antibody reactivity with apparently unrelated peptide sequences have been identified (32) . Recently, epitope cross-reactivity versus polyspecificity was molecularly defined through a human immunodeficiency virus-specific MAb (31, 32) able to react with both sequence-related and non-sequence-related determinants. Pathogens frequently evade the immune response by exposing closely related variant epitopes. In some cases, such as infections with hepatitis C virus (48, 54) and Plasmodium falciparum (45) , antigens alter exposed regions. In T. cruzi, mucins containing closely similar epitopes are simultaneously exposed (46) . It seems that in the cTS, the related epitopes are displayed simultaneously in the same molecule. This characteristic might have been acquired by the cTS during evolution, to provide an elusive target to the immune system.
We could not assign the neutralizing humoral response to any given epitope. A neutralizing antibody was assigned by other authors to a peptide designed on a misread DNA sequence of the TcTS (13), a result that we failed to reproduce (data not shown). The persistent low-titer neutralizing humoral response could be the result of different antibodies binding simultaneously to several epitopes throughout the molecule. Alternatively, it could be the consequence of antibodies directed to regions with low antigenicity. The TcTS is included in a superfamily of surface antigens (10, 25) that are expressed simultaneously in the parasite (29, 30) . These proteins express similar but different sequences that might further contribute to the simultaneous presence of B-cell-related epitopes during the infection, as was recently demonstrated for T-cell epitopes (40) . The parasite has evolved to evade the immune system and has acquired several abilities to disturb the host immune response. The strategy of developing cross-reactive epitopes inserted in a single critical protein that is also included in a superfamily of antigens may be another feature developed by the parasite to disturb the immune response. We are indebted to F. Felici (Istituto di Ricerche di Biologia Molecolare P. Angeletti, Rome, Italy) for kindly providing the phage-displayed peptide combinatorial libraries and to R. Frank and A. Hollnagel (Federal Research Center for Biotechnology and Technical University, Braunschweig, Germany) for SPOT synthesis advice. The critical reading of the manuscript by A. C. C. Frasch is also appreciated.
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